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Pour quol un mani f esldiet Bme |

Parce que toutes les phases du cycle de vie du « systéme route » (construction, utilisation, entretien et
destruction) affectent la santé humaine et induisent perte de biodiversité, déforestation, réchauffement
climatique et événements climatiques extrémes via les émissions de nombreux polluants et de CO2.

Parce que sur le plan de la santé, ces polluants peuvent toucher tous les organes/fonctions sous forme de
pathologies métaboliques, cardiovasculaires, respiratoires, neurologiques, de cancers (nhotamment
pédiatriques), de troubles de la grossesse etdudével oppement de | 6enfant

Parce quden come®@®gluenh®e, ddbam®nagement du teojotuoddhbu
regard de ces impacts sanitaires et environnementaux.

Parce que les centrales a bitume (enrobés bitumineux a chaud) participent a ces impacts dans une tendance

a toujours plus de routes et surtout & plus de  « camion -routes ».

Sachant qudune route suppl ®mentaire ne fait que cr ®e
donc la question du cadre Iégal nécessaire autour des centrales a bitume et de leur usage.

Nous pensons que le cadre |égislatif est |a pour protéger les populations, pour nous protéger en application
durdlerégaliendel 6 £EDeatpl us en plus dbéexp®riences contraires
de centrales a bitume ont conduit a la constitution de trés nombreux collectifs partout en France. Ce manifeste

en synthétise les réflexions et appelle a un encadrement bien plus précis de leur prolifération et de leur
fonctionnement.

Malgré les nuisances induites par ces installations, le manque de données précises sur leurs impacts
sanitaires crée un flou législatif et une anxiété par manque de transparence concernant les conséquences
sur notre santé et notre environnement.

Il est donc important de disposer de ces informations, d évaluer les risques selon les populations et les
écosystemes concernés et de déterminer les moyens nécessaires, les systemes de surveillance et de contréle,
pour se protéger des dangers associés.

Le fait est que | a législation de ces centrales et son application sont inadaptées a ce jour

D6un c¢ctt®, | 6ar rdlég®lespocéduresnde dépdt deRdoski®rs a ( passage dobéune
déautorisation ° wune simple demande dobéenregistrement
préalable des risques.

De | 6 k&wsurveilence du fonctionnement des centrales est tout a fait défaillante . Elle est basée
principal ement sur |l es autocontrtles des exploitani
ressources suffisantes pour exercer un contrble efficace. Cette autorité dépendant hiérarchiquement du préfet
estsoumise . deplus,” des pressions politiques. Rien ndéest ain
Enfin, la loi actuelle présente des lacunes et erreurs avérées . Cela concerne notamment la classification

des polluants ° surveill er dematieespremiéeresglus pbllsantesgfmisatsi ® s

anciens matériaux de route) et la prise en compte des populations a risque.

Forts des retours dbéexp®rgencente®meog®r danscobHext
spécialistes, ce manifeste propose une adaptation de notre Iégislation avec onze recommandations pour la
mise en service , la surveillance et le controle des centrale s.

Dans | 6 &t mépomge a notfte demande de priseencomptede s ri sques encourus,
cadr e | ®g al bien pl us appr opr i ® scientifqques, citdyens & mueocess el
recommandations d6i nstr uct i osnetdtesurvdillaree soient appliguées dbéor es sut de@
notre territoire

Nous appuyons et soutenons les démarches législatives allant dans le sens de ces recommandations.

« Décent Bitume »
Contact : manifeste.sansbitume@riseup.net

Ce Manifeste a été rédigé p a iinted cdllectif de douze collectifs Sans Bitume du Tarn et de la Hte-Garonne en lien avec
la FAB (Fédération des Alternatives au Bitume).
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cDedonn®es enti figuees 1| nqgt
Si |l es donn®es s ur cdntalesapitumd coreaanerit éssentiellement Eestravailleurs exposés, la
littérature scientifique détaille clairement les effets néfastes des différents polluants présents.
Modes de contamination : air, eau, sol Conséqguences sanitaires multiples
1 Contactdirect : travailleurs manipulant le i Effets respiratoires : Bronchopneumopathie chronique
bitume / riverains via les dép60ts sur les obstructive, asthme, infections respiratoires récurrentes.
surfaces environnantes. 1 Effets cardiovasculaires : hypertension artérielle,
1 Inhalation : professionnels et populations infarctus aigu du myocarde et d'accidents vasculaires
vivant & proximité des sites industriels. cerebraux. _ _
9 Contamination de | de 1 Effets neurotoxiques :mal_adles_neurodégénératlves,
. . . . troubles du développement infantile.
exposition indirec 1 Cancers : (par exposition chronique aux HAP, autres
| 6 eau ppoptilaiop, lcheptels, animaux ) L . ' ;
. perturbateurs endocriniens) : poumon, peau, vessie,
domestiques, faune sauvage A . foie, sein.
Il gxiﬂsnptaiﬁsn.]..l) nation dounit®s 1 Effets métaboliques : diabéte de type 2, troubles
' ' hormonaux
f Trouble de |l a grossesse et
1 Impact en termes de maladie mentale : nuisance
(bruit, odeur), stress liés aux possibles conséquences
Liste des polluants des centrales organiques, perte (paysages, dévaluation immobiliére
1 Poussiéres (dont particules fines) s o .
1 Monoxyde de carbone (CO) Inégalité sanitaire et sociale
1 Oxyde de soufre (SO2)
T Oxydes dbéAzote (NOx)
f  Composés Organiques Volatils (COV) T Les populations socialement les moins favorisée
On distingue parmi eux : sont celles qui utilisent le moins les infrastructurg
- Les COV spécifiques ) routieres et sont lasoinsam® mes de s g
ke COv aphases de nacues (assés zones arisque. |
Reprotoxique) ’ ’ 1 I:e§ populations fraglle§ (les plus jeunes, les plug
1 Métaux lourds ages, les femmes enceintes, les personnes atteil
1  HAP (Hydrocarbures Aromatiques de pathologies chroniques, les classes sociales |
Polycycliques) moins favorisées) présentent un surrisque médic
1 Bruit (Susceptibilittd 5 °t re atteint ¢
9 Effet cocktail : multiplication des pronostic)
effets de chaque polluant

Compte tenu de | toxicit® av®r®e de ces polluants, nou
Paralléelement, nous demandons | approf ondli & spaonemdéavatuaton db dimdad sanitaire
spécifique aux centrales a bitume _ (populations sensibles, effets cocktails et au long cours).

Une comparaison avec les législations des autres pays européens doit étre réalisée.

a
0

A retenir : quelques parameétres importants du fonctionnement des centrales et de leurs pollutions :

T La temp®rature dedd olnxztd emthreanlesmtd®t er mi ne l(daqgpanfies®i @
all emande vient ddéacter d®but 2025 une baisse de 20AC d

travailleurs | ors de | a d®pose sur | es routes)
T Utilisati on niae @frriaaiusxa tdse r oduaress laan cfi emrniecsgd t @ lo®@v atei d M edhu ol
poll uants possible et n®cessairemeqtsdaeasl)la temp®ratur e
1
Nous demandons ° nos ®I| aesesdieg sai sir
(Agence Nationale de S®curit® Sanitaire d
Travail)

« DECENT BITUME » i contact : manifeste.sansbitume @riseup.net 2
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cUne | ®gidselsatcieonn r alee s

r

e

Un all egemestUnéi M®J| ement ati on non

Un allegement récent de la loi pour déposer les projets
(Arrété du 9 Avril 2019)

Passage dbébune demande dbédautorisation ~ une

Un arrété avec des manques

- Classification erronée des substances polluantes a surveiller
(Mauvaise classification de certains COV classés désormais CMR (Cancérigéne, Mutagéne, Reprotoxique)

- Pas de prise en compte des populations fragiles

-Nonprisecencomptedel 6uti | ssdtarnbrate (agr ®gats dbdoenr ¢
(conditions dbdédautorisation et de sur \

-Absence doé®valuation des risques sanitai

Nous demandons que | 6arr°t® du 9 avril 2019
conformité et dans son esprit pour protéger au mieux les citoyens.

Une application de I astopuctd®baidketsas tnesuv aill

Des porteurs de projets qui se Des dossiers évalués sur la base des
multiplient déclarations des porteurs de projets

DREAL : une autorité sous tutelle politique  ?

Un comportement partisan dans?l daccompagnement
(Cas du Tarn : réle de caution scientifique et environnementale des instances politiques sur au moins 4
centrales en projet et fonctionnement)

d

DREAL : défaut de surveillance (manque de moyens  ?)

- Une surveillance des centrales principalement faite par des autocontréles des exploitants

cas doéincident

-Des incidents pour | esquels | 6autorit® met du
envers les exploitants

(Documentation disponible de nombreux dysfonctionnements dans le Tarn)

- Des régles de surveillance minimales etrestanta compléter: au d®mar rage, pend3

t

6

Nous demandons que soit saisie | 6 A E RAutorités Externes de Recueil des Signalement
par les parlementaires a ce sujet.

)

« DECENT BITUME » i contact : manifeste.sanshitume@riseup.net
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Seule 1 6®volution du cadre r®gl ementaire oaapbued ®

moins polluanteplus respectueusedel 6 e n v i r etdes resameens. t

Cdbest pourquoi ngagie: demandons | a
- De I BANSES pour | 6®cl aircissement sur | es danger :
- Des parlementaires pour | a r®®valuation de | 6arr -
- De la CNDASPE sur la défaillance des autorités qui autorisent et surveillent les centrales.

Dans | 6attent e desdemanndoneld ®p p | idesaiebommandations ci-dessous a la fois

pour les nouvelles centrales (11 mesures) et pour les centrales existantes (mesures 3a5et 8 a 11).

Pour finir, face au défi climatique, a la chute de la biodiversité, au désarroi des populations vis-a-vis de
cesenjeux,nos d®ci deurs se doivent dobéagir en mettant
stratégiquesd 6 a m®nage me nt

Construire avec et pour les citoyens de véritables projets de territoire coopératifs, pour la justice sociale,

la durabilité environnementale et I'économie viable,c 6 e st | © qudest notre dev

LES 11 RECOMMANDATIONS DU MANIFESTE

Demande doé audnaronnesnantale o n

Mesuren®l :R®t abl i r | e st at(avdc enduEie publigue)l sat i on
Mesuren°2 :R®t abl ir | 0®t ude relative ~ | 6Evadindati on ¢
guanti fier | 06i mpact potentiel des ®missions | es

Prescriptions générales

Mesure n°3 : Réactualiser la classification des COV  par rapport a leur niveau de danger et clarifier
|l a |iste exhaustive des compos®s ~ analyser dan:

Mesure n°4 : Réglementation spécifique au recyclage des agrégats (fraisats) incluse
systématiquementau ni veau de | éarr°t® pr®f ectoral dbéexp

Mesure n°5 _: limiter la température du process et le taux de recyclage afin de réduire de facto les
émissions atmosphériques.

Surveillance des émissions atmosphériques

Mesure n°6 _: Imposer une campagne de mesures des rejets atmosphériques, avec un résultat
conforme aux prescriptions, avant la mise en service (analogie a la « carte grise »).

Mesure n°7 : Imposer des campagnes débautosurveillance ~ fro
premiere année dodexpl oitati on afin de sdbassurer de I
environnemental.

Mesure n°8 : imposer un diagnostic environnemental  selon un protocole plus large que la simple
autosurveillance en vue d&aand?.ter | 6installati ol

Mesuren®9 :Imposer | a mi s®qenpelmene a¢c¢@unifi ® de mesur
au niveau des émissions les plus toxiques, et notamment les COV, pour une surveillance efficiente et
proactive sur le systeme de production.

Mesure n°10 : Imposer un dispositif de traitement des fumées  entre le dépoussiéreur et la cheminée
en cas de dépassement chronique des VLE relatives aux émissions les plus toxiques.

Mesure n°11 : Définir et mettre en place des prescriptions particulieres de sécurité pour gérer les
risques (incendie, e x p | o 9 liépawéequipements dangereux (stockage de gaz liquéfié,
stockage de bitume).

« DECENT BITUME » i contact : manifeste.sansbitume @riseup.net 4
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La Fabrique ed., 304 p., | SBN : 978235872276

https://lafabrigue.fr/accumulalu-betontracerdesroutes/

Retour:
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https://blogs.mediapart.fr/levis/blog/110620/centralenrobagedesbombessanitairegparcentaines

https://www.airenvironnemengrandreims.fr/informationssurles-centralesa-enrobes/

Retour:
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1. Cons®quences s asryisttainrée s oluit®@e au ¢

Les risques sanitaires | i ®s au syst me
construction, usure, entretien, destruction éventuelle, ainsi que son utilisation par les
véhicules.

En France, les transports représentent 30 % des émissions de gaz a effet de serre, dc
% sont attribuables au transport routier (Ministére de la Transition écologique et de la
Coheésion des territoires, 2023). lls contribuent au dépassement des itesf lim
planétaires, mettant en péril la santé humaiaeplus largement celle du vivant

| 6®chell e nationale et international e.
retrouve | e r®chauffement c| i onastationget e ,
diverses formes de pollution :

9 Pollution de | 6eau, via |l e ruisselle
aux nappes phréatiques.

1 Pollution des sols, affectant les cultures et la biodiversité.

9 Pollution de | 6air, avec des ®mi ssi c
routier est responsable de 9 % des émissions de particules fines PM2,5 et de 4¢€
des ®mi ssions dooxydes dobéazote (NOx)

Ces pollutions ont un I mpact direct su
de | 6incidence des grands danoeuGoentdowth en p
Health and Climate Changemi se ~ jJour 2024) : Cons ®o¢
températures et des événements climatiques extrémes, augmentation du risque

do®pi d®mi es i nfectieuses et dobéallergie

Elles favorisent également la survenue de maladies chroniques, notamment
cardiovasculaires (AVC, infarctus du myocarde, hypertension artérielle), respiratoires
(asthme, bronchopneumopathie chronique obstructive), métaboliques (surpoids, obési
diabete daype 2) et dexombreuxcancers liés aux expositions environnementales.

La sant® physiqgue nbéest pas | a seule m
conséquences negatives sur la santé mentale lié au bruit, aux pertes intangibles
(expropriation, modifications des paysages), stress psychold@cuerise de

conscience de vivre dans un environnement a risque sanitaire.

Par ailleurs, la promotion du transport routier se fait au détriment des alternatives plus
durables, comme le ferroviaire et les mobilités actives, qui jouent pourtant un role
essenti el dans |l a |lutte contre sldea s ®de
morbidité et mortalité

L6i n®gale r®partition des investisseme
guestions de justice sociale. Les grandes infrastructures routiéres bénéficient
« DECENT BITUME » i contact : manifeste.sansbitume @riseup.net 8
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principalement aux classes sociales les plus aisees, qui résident souvent a distance d
sources de pollutiorMorello-Frosch R). Or, la pollution liée au trafic suit un gradient
d®cr oi ssant avec | 6® oi gnement des axe
précaires vivant a proximité. De plus, le caractére payant de certains trongcons
autoroutiers entraine un report duitafers les routes secondaires, augmentant le risque
dbaccidents et | es temps de trajet pou

Enfin, les conséquences sanitaires du systeme routier ont un colt économique majeu

France, | 6i mpact sanitaire des particu
par an, tandis que celui du NO2 repr ®s
Les usines © bitume : un enjeu sanitail

Les usines a bitume posent des problemes sanitaires majeurs en raison de la nature c
substances ®mi ses et de | eur mode de d

Nature des contaminants

Les contaminants sont des composeés organiques volatiles émis pendant la phase
do®l aboration du bitume (relativement

| e transport et | 6®t al ement (phases 0%
emissions perdureront alela de la phase de construction, pendant tout le cycle de vie ¢
| 6asphalte, © des temp®ratures mod®r ®e

réchauffement climatique).

La nature des contaminants differe selon les processus de fabrication (matériaux,
température) et selon la phase (construction, utilisation, vieillissement). Parmi les
principaux polluants figurent ek hydrocarbures aromatiques polycycliques (HAP)
alcanes et leurs dérivés, aldéhydes et leurs dérivés, benzéne et ses dérives, hydrocar
aliphatiques, hydrocarbures halogénés, particules fines et ultrafines, composés soufré
oxydes d'azote, oxydes de carbone, et autres COV

Les HAP sont classés comme polluants organiques persistants (PO®¢ sont des
compos®s omni pr®sents et toxiques, qui
difficilement dégradables. lls sont classés comme perturbateurs endocriniens, dont les
effets ne suivent pas toujours une relation g¢épense classique, cerias expositions a
faibles doses pouvant étre plus délétéres que des expositions plus élevées (Gore et a
2015).

« DECENT BITUME » i contact : manifeste.sansbitume @riseup.net 9
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Modes de contamination
Léexposition aux polluants issus des u

1 Contact direct : principalement chez les travailleurs manipulant le bitume,
eXposes aux émissions et aux résidus toxiques.

1 Inhalation : exposition aux vapeurs et particules en suspension affectant aussi b
les professionnels que les populations vivant a proximité des sites industriels.

9 Contaminati on de :linfiteaion degdomposestoxiqued dans r
les nappes phréatiques et dépbts sur les surfaces agricoles, entrainant une
exposition indirecte par | 6alimentat

Conséquences sanitaire@Vlousavi, 2024)

Les facteurs clés qui influencent les effets sur la santé des émissions sont notamment
composition chimique, les parametres d'exposition (dose, voie d'exposition, durée et
fréquence), les caractéristiques des individus expos$és iateractions métaboliques

avec d'autres composés. Cependant, les effets sur la santé de certains composeés peL
ne pas suivre le modele général attendu en fonction de leur structure ou de leur
composition ou de I'état physiologique de I'organismeuese traduit souvent par une
réponse idiosyncrasique.

Loexposition aux polluants ®mi s par | e
néfastes sur la santé:

1 Effets respiratoires: | 6i nhal ati on des ®mi ssi on
oxydatif et une inflammation systémique, contribuant au développement de
mal adi es pul monaires obstructives cf
respiratoires récurrentes (Jiang et al20

1 Effets cardiovasculairess | 6exposition aux poll ua
HAP et des particules fines est associée a une augmentation du risque
dohypertension art®rielle, dobéinfarct

céreébraux (Brook et al., 201Bajagopalan 2031

1 Effets immunitaires:| 6 exposi ti on aux HAP entr al
immunosuppresseurs, stimule les états inflammatoires et des réactions
dohyper sensLBOl8)i t® (Sparfel

1 Effets neurotoxiques: les HAP et autres composés toxiques induisent un stress
oxydatif neuronal, une neuroinflammation et une altération des
neurotransmetteurs, augmentant ainsi le risque de maladies neurodégénératives
telles quobdAl zhei mer et diPdévelgppemsnbahez a i
| 6enf ant . Les femmes et | es personne
a cette toxicité neurologiquf.andrigan2018, Fini, 2024)

« DECENT BITUME » i contact : manifeste.sansbitume @riseup.net 10
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Cancers: certains HAP possedent des propriétés cancérogenes avéerees. Le Cel
international de Recherche sur le Cancer (CIRC) a classé le benzo[a]pyréne (Be
comme canc®rog ne pour | 6humain ( Grc
benzo[a]Janthracene (BaA) et lenze[b]fluoranthéne (BbF) comme possiblement
cancérogenes (Groupe 2B) (CIRC, 2010). Une exposition chronique aux HAP e
associ ®e © un risque accru de cancer
colon, pancréas, vessie (Gamikamara et al., 2022).

Perturbations endocriniennes et métaboliquescertains composés organiques
volatils agissent comme des perturbateurs endocriniens, interférant avec les
fonctions hormonal es et augmentant |
cancers, de troubles hormonataiidrigan2018, Heindel et al., 2017).

Troubles de lafertilité, de la grossesse et du développementles études
sugg rent que | 6exposition pr®natal e
deléteres sur le développement neurologique et métabolique des enfants (Perer
al., 2012) Les HAP alterent également la fertilité et peuvent augmenter les risque
de fausses couch@dohammadzadel024, Dechane2011).

Altération du microbiote intestinal (Ribiére 2016)

Facteurs aggravants

Plusieurs éléments rendent ces effets encore plus préoccupants :

1

| n®gal it ®s soeisapepuematsams®l es pl u:
pl us expos®es aux ®mi ssions toxi que s
sant® g®n®r al ement plus fragile, dou
aux mesures de prc®uentfiionmneti ddumeda
environnements poll u®s.

Les expositions chroniques a faible dogestentsousl o c u me nt ®e s, a
peuvent entrainer des effets cumulatifs sur la santé. Cela pourrait atténuer

| 6efficacit® des mesures visant seul
qgubd”™ | es s uphkRangelra@2). (Lagunas

La diffusion et la persistance des composéstoxiqgudsans | envi r o
prolongent leur impact sanitaire et écologique (Mousavi, 2024).

Les groupes vulnérablegenfants, personnes agees, femmes enceintes, patients
atteints de maladies chroniques) sont plus sensibles aux effets toxiques.

Une possible synergie des polluantdes émissions des usines a bitume
pourraient interagir avec dobéautres g
effets sanitaires.
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Encadrement réglementaire erecommandations

Un rapport de I'’Agence nationale de sécurité sanitaire de I'alimentation, de
I'environnement et du travail (ANSES) en 2013 a mis en évidence un risque sanitaire |
| 6exposition aux | iants Dbitumineux I[ent
2011, le CIRC (OMS) a classe les émissions des bitumes oxydés comme « probablen
canc®rog nes pour | 6homme & (Groupe 2A
possiblementancérogenes » (Groupe 2Be | on | 6 ®t at des donn
mo me n tévaldiaionICé&s conclusions soulignent la nécessité de renforcer la

r ®gl ement ation et | es mesures de pr ®ve
toxiques émises par ces installations industrielles.
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HIGHLIGHTS GRAPHICAL ABSTRACT

Comprehensive review of health im-
pacts of VOCs released from asphalt-
surfaces areas.

Acute, chronic, toxic, and carcinogenic
effects of asphalt VOCs are discussed.
Metabolic pathways of VOCs, and health
impacts of metabolites produced by en-
zymes are discussed.

Metabolites produced by enzymes can
be more hazardous than the parent
compounds.

\ Air Pollutants; From Asphalt Surfaces to
Lungs and Nerves

ARTICLE INFO ABSTRACT
Keywords: Asphalt-related emissions pose significant health risks due to the release of volatile organic compounds (VOCs)
Asphalt that affect both workers in construction and the general public. Even at low concentrations, certain VOCs are

Volatile Organic Compounds (VOCs)
Health effects

Air pollution

Metabolism

highly toxic, with some of their metabolic byproducts, such as epoxides, known to cause DNA damage, oxidative
stress, and other genetic alterations. The health implications are particularly concerning given that these
emissions are persistent, and exposure can occur over prolonged periods, especially in urban areas where asphalt
is prevalent. However, despite growing awareness, there remain significant gaps in our understanding of the
long-term effects of chronic, low-level exposure to asphalt VOCs. Research to date has largely focused on acute
exposure effects, particularly in occupational settings, leaving much unknown about the broader impact on the
general public, especially vulnerable groups like children and the elderly. Moreover, the complex interactions
between asphalt-derived VOCs and other environmental pollutants are not well understood, further complicating
our understanding of their cumulative health impact. This paper provides a comprehensive overview of the
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current research landscape, starting with a discussion of the health risks associated with asphalt VOCs, supported
by key findings from recent studies. It then explores the latest technological advancements in VOC detection,
characterization, and monitoring, and identifies critical gaps in existing research.

1. Introduction
1.1. Various sources of volatile organic compounds

Volatile Organic Compounds (VOCs) are a diverse group of organic
chemicals characterized by their ability to easily evaporate into the at-
mosphere at room temperature due to their relatively low boiling points,
typically ranging between 50 to 250 C. The primary concern regarding
VOCs indoors is their potential to adversely affect the health of exposed
individuals. Although VOCs can pose health risks outdoors as well, the
US EPA primarily regulates them in outdoor environments due to their
role in forming photochemical smog under specific conditions. VOC
includes both highly volatile compounds and semi-volatile organic
compounds. Highly volatile compounds readily transition to the gas
phase under ambient conditions, while semi-volatile organic compounds
have a higher boiling point and may partially exist in the gas phase and
partially in the condensed phase, depending on environmental condi-
tions. [ 1] Asphalt VOCs carry different heteroatoms. These heteroatoms
influence the compounds’ reactivity, mobility, toxicity, and environ-
mental behavior [2]. Grouping VOCs based on the heteroatoms they
contain, such as oxygen, nitrogen, sulfur, and halogens, helps in un-
derstanding their distinct chemical behaviors.

Volatile organic compounds include hundreds of compounds that
primarily originate from natural gas, petroleum, or coal. A substantial
portion of VOCs originate from petroleum derivatives, including gaso-
line and diesel fuels, as well as the polymers utilized in various aspects of
our modern life. Derived from petroleum, asphalt also emits VOCs
during its production, application, and aging, making it a notable
contributor to VOC emissions [3]. Even in rural areas with lower traffic
density, VOCs and particulate matter are abundant. These pollutants
stem from a variety of sources, including agricultural activities, traffic
dust, the use of agrochemicals, and the dispersion of dust from desert
soil and sand [4].

Not all VOCs come from fuel and asphalt; some are emitted from
construction materials [5]. They include formaldehyde, acetaldehyde,
benzene, ethylbenzene, xylene (o, m, p,), styrene, toluene, 1,2,3 tri-
methyl benzene, 1,4 dichlorobenzene, butyl acetate, limonene,
a-pinene, tetra- and trichloroethylene, and naphthalene [6,7]. Many of
these and other VOCs of concern are listed in the US EPA compounds of
concern [8-10].

In addition, some VOCs originate from everyday household items
like cosmetics and cleaning products. These products often contain
chemicals that can evaporate into the air, contributing to indoor air
pollution. Furthermore, some VOCs, such as isoprene, are naturally
produced by trees. Isoprene emissions from vegetation, particularly
trees, are substantial, with an estimated annual release of approximately
500 teragrams (Tg) [11].

1.2. Long-distance dispersal of VOCs and rising alarm of VOCs inside
residential homes

Because of their volatility, all VOCs and their derivatives easily enter
the air and cause health effects [12-14]. As they are always present in
the air, VOCs eventually find their way into our bodies regardless of
whether we are outdoors in the streets, parks, farms, or recreation areas
or indoors in our homes or offices [ 15]. Since air is not stationary in one
location, VOCs move with air. In fact, for modern humans, there is no
escape from VOCs and their harmful effects. Since we spend so much
time indoors, our exposure to indoor VOCs is multiplied over time [16],
which leads to more sickness and fatalities [17]. Particulate matter

(aerosols) derived from VOCs also enter our bodies through the use of
polluted soil and water for growing our food or for meeting other ne-
cessities of our lives [12].

VOC dispersion means that the health impacts linked with VOC
emissions extend far beyond their immediate sources, potentially
affecting populations on a global scale. For instance, certain aromatic
pollutants have been documented to travel across continents to remote
regions such as polar areas, where they have been disturbingly found in
the mother’s milk of Indigenous peoples living near the North Pole [18].
It is estimated that exposure to VOC air pollutants is responsible for 3.2
million deaths each year, primarily through chronic cardiopulmonary
diseases [19-23].

A great number of aromatic hydrocarbons, alkanes, aldehydes, and
specific chemicals like tetrachloroethylene and trichloroethylene have
been identified within indoor environments. Notably, many of these
compounds carry a spectrum of health risks. Trichloroethylene and tri-
chloroethane, for instance, are associated with cardiovascular effects,
while tetrachloroethylene, tetrachloroethane, trichloroethylene, and
trichloroethane exhibit neurological impacts. Moreover, several of these
compounds are classified as carcinogenic, further exacerbating the
health risks that they pose [24].

1.3. Health impact of asphalt VOCs

Although the type and quantity of the emissions from fresh asphalt
may vary depending on the manufacturing technique utilized [25],
these VOC emissions, irrespective of the manufacturing processing, are
recognized as harmful chemicals for humans [26,27]. A recent study on
asphalt pollutants and their human molecular targets showed key factors
influencing the health effects of VOC compounds include their chemical
structures, exposure parameters (dosage, route, duration, and fre-
quency), individuals characteristics (race, age, sex, health status, fas-
ting/fed state), and metabolic interactions with other compounds [28].
However, the health effects of some compounds may not follow the
general pattern expected according to their structure or the physiolog-
ical condition of the body, often resulting in an idiosyncratic response
[29].

Studies have illustrated that chemical compounds within asphalt
VOCs affect the growth and development of animals, plants, and human
beings [30]. These chemical compounds, released from asphalt mate-
rials, have been linked to adverse effects on biological systems,
including respiratory issues, developmental abnormalities, and disrup-
tions in ecosystem dynamics.

Exposure to asphalt VOCs over an extended time can lead to various
health issues, including skin ailments, respiratory problems, nervous
system disorders, and potentially cancer, as evidenced by studies per-
formed by Reinke et al. and WHO [31,32]. Cui et al. [33] utilized Monte
Carlo simulation to evaluate health risks specifically for construction
workers exposed to asphalt VOCs. Boffetta et al. [34] investigated the
potential relationship between asphalt VOCs and lung cancer, finding a
slight elevation in lung cancer risk among workers in road paving and
asphalt mixing. Moreover, Chong et al. [35] analyzed the chemical
composition and concentrations of asphalt VOCs and then recom-
mended the occupational exposure limit for asphalt VOCs.

In this review, we aim to delve into the extensive realm of health
effects associated with VOCs emitted from both fresh and aged asphalt, a
topic of growing concern in environmental and public health research.
We specifically examine a spectrum of VOCs, notably focusing on
polycyclic aromatic hydrocarbons (PAHs), benzene and its derivatives,
select alkanes, and alkenes, identified in asphalt emissions. For each
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group, example compounds, their metabolism, and health effects, when
available, are briefly discussed. Extended coverage of the health effects
of these VOCs can be found in the sources cited in this article. Most of the
health effects were obtained from PubChem, the published literature as
referenced, and commercial sources such as Sigma-Aldrich or other
company websites. For some benzene derivatives, health effects in the
form of a Globally Harmonized System of Classification are included in
table format toward the end. By evaluating existing knowledge, our
review endeavors to offer valuable insights into the multifaceted health
impacts of asphalt VOC exposure, thereby informing future research
directions and guiding effective mitigation strategies.

2. VOCs emitted from asphalt

Asphalt is a composite material commonly used in road construction,
consisting of an asphalt binder known as bitumen, sand, and a granular
skeleton made of aggregates. Bitumen, derived from crude oil, is the
primary component responsible for the release of VOCs and SVOCs from
asphalt-surfaced areas. These emissions can occur as gases or aerosols,
depending on the temperature [30,36-38]. These compounds act as
precursors for the formation of fine particulate matter, ozone, and sec-
ondary organic aerosols (SOAs) [39,40]. VOCs are emitted during the
manufacturing of fresh asphalt, particularly during the process of mixing
binder (bitumen) with gravel to produce asphalt containing about 5 %
organic binder. At this stage, emissions during high-temperature asphalt
production are regulated and controlled to some extent at the plant
level. However, the volatiles released during load-out, transportation,
and paving operations are often less carefully monitored and can contain
considerable amounts of VOCs and SVOCs. Asphalt emissions consist of
numerous individual chemicals, each having diverse toxicological
properties that could potentially endanger human health [41].

Asphalt emissions are not limited to the processes of asphalt pro-
duction, placement, or compaction; they continue to be emitted from
asphalt during its lifespan, when asphalt ages, even under normal
ambient temperatures [42]. However, during warm seasons when
temperatures rise, emissions from the surface of aged asphalt increase.
Based on recent studies, asphalt emissions increase twofold in a tem-
perature rise from 40 C to 60 C; they reach their highest level at
temperatures above 140 C, suggesting that these chemical compounds
are more significantly released into the air during summer months [42].

Considering the extensive utilization of asphalt, with over 2.5 million
miles of paved roads in the U.S. and a global production of 150.6 million
tons in 2023, projected to increase to 225.9 million tons by 2030, at a
Compound Annual Growth Rate (CAGR) of 6.0 % [43], the resulting
emissions from fresh and aged asphalt surfaces, especially during warm
seasons, represent a significant concern for human health and environ-
mental well-being. It is worth noting that among the chemical reactions
that cause the degradation of asphalt, oxidation, and hydrolysis re-
actions are major contributors that are facilitated by solar heat and ra-
diation [17,44].

2.1. Main components of asphalt VOCs

Various methodologies have been employed to identify the compo-
nents of asphalt VOCs. In a study by Espinoza et al. [45], gas
chromatography-mass spectrometry (GC-MS) analysis revealed a total of
196 primary organic pollutants, among which 81 were significantly
prominent. In this study, polycyclic aromatic hydrocarbons (PAHs) were
identified as the predominant constituents. In a complementary study,
GC-MS analysis, made by Li et al. [36], revealed that the main compo-
nents of asphalt VOCs are PAHs and heterocyclic aromatic hydrocarbons
(HAHs), with significant amounts of two-ring and three-ring aromatic
hydrocarbons compared to the original asphalt composition. Others
have categorized the asphalt VOCs based on their molecular weight into
small-molecule gases, PAHs, alkanes, halogenated hydrocarbons, and
other organic compounds [46,47]. Li et al. [30] identified 10 primary
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asphalt VOCs with significant impact on environmental ozone formation
and secondary organic aerosol generation during the mixing, trans-
portation, and paving processes of asphalt. Some researchers, like Xiao
et al. [48], analyzed a diverse range of asphalt samples under uniform
temperature conditions, using criteria such as chromatographic peak
area, peak purity, and toxicity intensity to identify 12 key VOC finger-
print components. Conversely, others, such as Xiu et al. [38], catego-
rized a wide array of asphalt VOCs into more manageable groups,
including aliphatic hydrocarbons, aromatic hydrocarbons, nitrogen ox-
ides, haloalkanes, and carbon disulfide.

What is quite clear is that the type and source of asphalt significantly
influences the chemical composition of the VOCs emitted from it.
Moreover, factors such as the manufacturing process, heating temper-
ature, heating duration, and detection methodologies can further in-
fluence the characteristics of VOCs [49,50] Study results show that
rubberized asphalt emits unique compounds which are not found in
conventional asphalt. In addition, mixing rubberized asphalt at a
hot-mix process emits higher levels of VOCs and PAHs than mixing it
through a warm-mix process. Overall, lighter PAHs have been shown to
dominate the emission, but the emission profile and composition vary
greatly between warm-mix processing and hot-mix processing [49,50].

However, in a broad classification, asphalt VOCs can be categorized
into nearly ten main groups of components, including PAHs, alkanes and
their derivatives, aldehydes and their derivatives, benzene and its de-
rivatives, aliphatic hydrocarbons, sulfur compounds, nitrogen oxides,
carbon oxides, halogenated hydrocarbons, and other VOCs [37], Fig. 1.

Table 1 shows the VOCs released from asphalt binder at 150 C, as
identified by GC-MS analysis conducted by Mousavi et al. [ 2]. It is worth
noting that polycyclic aromatic hydrocarbons may not have been iden-
tified or reported in Table 1 because they contain larger and heavier
molecular compounds, requiring higher temperatures and lower pres-
sures for removal during asphalt distillation. These compounds might
have been retained within the asphalt binder or not detected under the
specific conditions of the analysis conducted by this group.

Removing some short-chain hydrocarbons, like octane and dichlo-
roethane, from the asphalt before application to roads will reduce the
release of those groups of VOCs during application to the road or later.
However, the major volatiles which are non-polar aromatic compounds
such as benzene derivatives along with alkanes and alkenes 2] remain
in the asphalt. Hung and Fini [52] showed reduction of alkenes in
asphalt during solar radiation which was attributed to the chain scission
and start of decomposition reactions breaking down the large com-
pounds into smaller ones. While most studies have focused on asphalt
emission as a function of temperatures, solar radiation (mainly repre-
sented by UV-A exposure) is shown to amplify loss of compounds from
asphalt surface as evidenced in rapid embrittlement and failure of
asphalt when exposed to UV [53].

2.2. Comparison of emissions from fresh and aged asphalt

The VOCs and particulates from asphalt can undergo further chem-
ical reactions when exposed to sunlight, heat, acid rain, and traffic forces
to produce new compounds that may be even more hazardous than the
parent compounds. It is also possible that exposure to these environ-
mental factors may change the nature of the emissions so that they may
become less hazardous than the originally emitted compounds. Because
of long-term exposure to oxygen and sunlight, emissions from aged
asphalt are expected to contain many components in their oxidized form
[3,44]. Still, for the most part, the profiles of the VOCs from aged asphalt
resemble the emission profiles of fresh asphalt. In fact, comparing the
emission profiles of aged asphalt reported in Table 1 with profiles of
fresh asphalt reported by others [54], many of the particles released
from aged asphalt and fresh asphalt are similar. However, worker
exposure studies performed on asphalt construction crew in which aged
asphalt was used under the name reclaimed asphalt pavement (RAP)
showed significantly higher exposure; for instance, asphalt mixes
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Table 1

List of VOCs Emitted from Un-modified Asphalt [2] and Rubber-modified
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Main components of Asphalt VOCs
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Fig. 1. Investigations across various countries have identified distinct categories of asphalt VOCs.

Asphalt [51] Identified by GC-MS.

Asphalt VOC

Asphalt Emission (Ref.51)

Compounds from
rubberized asphalt
(Ref.52)

Alkyl benzenes

Small Alkanes and

Naphthalene

(non-polar cycloalkanes

aromatics)

Benzene, 1- Nonane Phthalimide

ethyl 2,3-dimethyl-

Benzene, 1-ethyl 2- Heptane Stearic acid

methyl-

Benzene, 2- Octane Benzothiazole

ethyl 1,4-dimethyl- Cyclohexane thiol
Benzene, 4- Heptane, 3-methyl- 3-methyl thiophene
ethyl 1,2-dimethyl-

Benzene, 1- Cyclohexane, methyl- P-methyl acetophenone
methyl 3-(1- Benzaldehyde
methylethyl)-

Benzene, 1- Methyl-isobutyl ketone
ethyl 2,3-dimethyl-

Benzene, 2- Alkenes Ethylbenzene

ethyl 1,4-dimethyl-

Benzene, 1,2-diethyl- 1-Pentene, 2-methyl- D-limonene

Benzene, 1,2,4,5-
tetramethyl-
Benzene, 1,2,4,5-
tetramethyl-
Benzene, 1,2,3,4-
tetramethyl-
Benzene, 1,2,4,5-
tetramethyl-

Benzene, 1,2,3-
trimethyl-

Benzene, 1,2,4,5-
tetramethyl-
Benzene, 1,2-diethyl-
Benzene, 1-

ethyl 3,5-dimethyl-
Benzene, 1,2-diethyl-
Toluene

2-Heptene

3-Octene, (E)-

Cyclohexene, 4-methyl-

1,3-cyclopentadiene,
1,2,3,4-tetramethyl 5-
methylene-

Alkynes

3-Octyne, 5-methyl-

Halogenated alkanes
Octane, 2-chloro-

4-ethyltoluene
1,2,4-trimethylbenzene
M-xylene

Styrene
Toluene

Palmitin acid

Hydrogen sulfide

containing high RAP was associated with a 5-fold increase in inhalation
polycyclic aromatic compounds exposures and a 2-fold increase in
dermal polycyclic aromatic compounds exposure, compared with low
RAP mix [55]. Among methods to study exposure, wristbands are shown
to integrate inhalation and dermal exposure. They have been incorpo-
rated successfully for quantify exposure to polycyclic aromatic com-
pounds and semi-volatile organic compounds [56].

The wristband is one of several VOC detection methods used by re-
searchers. Most VOC detection wristbands are wearable devices
designed to monitor and detect the presence of VOCs in the

environment. The wristband itself is often made from flexible, durable
materials like silicone or Thermoplastic Elastomers. These materials are
chosen for their comfort, hypoallergenic properties, and resistance to
chemicals and water, making them suitable for prolonged wear in
various environments. Some wristbands might incorporate textile ma-
terials for a more breathable or aesthetic design, often used for
consumer-facing products. Specifically, the wristbands used by re-
searchers in this area are shown to effectively integrate inhalation and
dermal exposure to VOC. Wristbands which are worn on the wrist by
asphalt workers have been successfully adopted for quantifying the
exposure to polycyclic aromatic compounds and semi-volatile organic
compounds [55,56].

According to the Environmental Protection Agency (EPA), emissions
released by asphalt plants that manufacture fresh asphalt include par-
ticulate matter, sulfur dioxide (SO3), carbon monoxide (CO), oxides of
nitrogen (NOx), polycyclic aromatic hydrocarbons (PAHs), metals, and
VOCs that are released from the equipment used for handling fresh and
recovered asphalt [54]. The equipment includes storage silos, liquid
asphalt storage tanks, dryers, hot bins and mixers, truck load-out oper-
ations, yard emissions, vehicular traffic on-site, and truck loading or
conveyor belts. Typically, a plant manufacturing fresh asphalt that
handles about 500 tons of hot-mix asphalt releases about 20 pounds of
particulate matter and 10.5 pounds of VOCs into the air each day [57].
Although the concentrations of the emissions are very high at the plant,
they decrease as distance from the plant increases.

The risk of health effects resulting from exposure to asphalt VOCs
depends not only on the composition (type) of VOCs but also on the
duration of exposure, concentration of pollutants, and genetic predis-
position of the exposed individuals [58]. People with predispositions
who might be seriously affected include people predisposed to lung
diseases, heart disease, or blood-vessel diseases, and children, elderly,
and expectant mothers. People who live near asphalt manufacturing
plants and are exposed to emissions released by fresh asphalt often
complain of the smell of hydrogen sulfide coming from the plants.
However, they should be more concerned about the dangerous asphalt
emissions, such as PM2.5, benzene, and PAHs, which have serious health
effects but do not necessarily smell as bad. Because of its desirable smell,
benzene, now known as a carcinogen, was used as a perfume component
for a long time before its use was banned.

3. Advancements in VOC identification and monitoring

This section reviews notable advancements in VOC sensing, classi-
fying the advances into five categories: (1) sensing technology, (2)
analytical techniques, (3) Artificial Intelligence (AI), big data, and real-
time analytics, (4) drone-based sensing, and (5) wearable technologies.
As these technologies continue to evolve, they will play a crucial role in
protecting public health from the harmful effects of VOC exposure.
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3.1. Advanced VOC sensors

Recent leap of technology has led to major improvements in sensi-
tivity, response times, and portability of VOC sensors. Although tradi-
tional detection methods like gas chromatography-mass spectrometry
(GC-MS) are highly accurate, they are not suitable for real-time moni-
toring due to their bulkiness and the need for stationary setups. Newer
sensor technologies, such as semiconductor gas sensors and
nanomaterial-based sensors, offer practical solutions to these
challenges.

Nanomaterial-based sensors represent a new frontier in VOC detec-
tion [59,60]. These sensors exploit the high surface area and chemical
reactivity of nanomaterials to enhance sensor sensitivity and selectivity
[59.60]. Recent nanotechnology advancements in composite formation,
functionalization, and structural engineering have revolutionized the
performance of sensors in detecting VOC traces in challenging envi-
ronments. The use of metal oxide nanostructures has been found to
significantly enhance the performance of sensors operating at ambient
temperatures [61].

Semiconductor gas sensors, particularly metal oxide sensors, have
gained attention for being highly energy-efficient and sensitive [61].
These sensors are particularly suited for detecting a host of VOCs in both
indoor and outdoor environments. Researchers emphasize that despite
being sensitive, metal oxide semiconductor (MOS) gas sensors typically
suffer from low selectivity, making it difficult to discriminate between
target VOCs and interferents such as inorganic gases (e.g., CO, NOx, 03)
in complex environments [62] Researchers also introduced advanced
sensor principles, such as temperature cycling and pre-concentrator
systems, to improve the sensitivity and selectivity of MOS-based sen-
sors. %4,

3.2. Enhanced analytical techniques for VOC detection

Alongside advancements in sensor hardware, recent developments in
analytical techniques have further improved VOC detection. These
techniques go beyond the hardware to focus on how VOC samples are
collected, processed, and interpreted.

A major analytical improvement involves pre-concentration tech-
niques, which allow VOCs to be collected and concentrated from large
volumes of air before being analyzed by sensors. The literature has
explored the use of metal-organic frameworks (MOFs) in pre-
concentrator systems, which trap VOCs from the surrounding air and
release them in a concentrated form for analysis [62]. These
pre-concentration systems significantly improve the sensitivity of sen-
sors in environments where VOCs are present in trace amounts, such as
indoor air quality monitoring and industrial settings. The use of tem-
perature cycling in combination with pre-concentration ensures that
sensors can achieve sub-ppb (parts-per-billion) sensitivity levels, even in
low-concentration environments.

Another significant analytical advancement is the use of microfluidic
and micro-electromechanical systems (MEMS). These systems allow for
the miniaturization of complex analytical processes (e.g., gas chroma-
tography or chemical separation), which would normally require large
laboratory equipment. Research has demonstrated the integration of
these systems into portable personal air quality monitors (PAMs) [63].
By integrating multiple miniaturized sensors and analytical processes
within a single device, PAMs integrating MEMS can accurately quantify
VOC exposure in real time across different environments, offering more
detailed and personal exposure data than traditional fixed monitoring
stations. While signal processing techniques help differentiate VOCs in
complex mixtures, statistical models and machine learning algorithms
draw the connection between VOC concentrations, environmental con-
ditions, and other sensible factors [61].
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3.3. Integration of Al, big data, and real-time analytics

Artificial intelligence (AI) and big data analytics play increasingly
important roles in VOC detection. The vast amounts of data collected by
modern sensor networks, including drone-based systems, require so-
phisticated tools for analysis, modeling, and prediction. Al-driven al-
gorithms have been used to process large datasets and identify patterns
in VOC emissions, making it possible to predict pollution levels and
identify sources of emissions more accurately [61].

3.4. Drone-based VOC detection and monitoring

A notable advancement pertains to the deployment of drones
equipped with VOC sensors. These aerial platforms provide unprece-
dented flexibility and access to areas that are otherwise difficult or
dangerous to reach. In particular, drones equipped with SPME and ITEX
systems have shown potential to collect VOCs at various altitudes, of-
fering insights into both horizontal and vertical distribution of VOCs in
the atmosphere [64]. Drone-based VOC monitoring has been useful in
assessing air quality in both indoor and outdoor environments [65,66].
Researchers have demonstrated the use of nano quadcopters to detect
VOCs in confined indoor spaces, such as industrial plants, where tradi-
tional monitoring systems struggle to navigate [65].

3.5. Wearable technology in VOC monitoring

Wearable sensors for real-time monitoring of environmental expo-
sures are another emerging trend. Due to their portability, these sensors
allow for the continuous measurement of VOC levels and provide
personalized exposure data, offering insights into how individuals
interact with their environment [67].

Wearable sensors can provide high spatiotemporal resolution, mak-
ing them valuable for both population-wide and individual-level studies.
These devices are not only used for VOC monitoring but also are inte-
grated into multi-parameter systems to track heart rate, respiratory
function, and other health indicators. It has been demonstrated that
miniaturized, low-cost sensors integrated into portable platforms can
accurately monitor personal exposure across different microenviron-
ments [63]. These technologies capture the unique environmental dy-
namics individuals face in both indoor and outdoor settings, offering
more precise exposure metrics than stationary systems. This enhanced
spatial and temporal resolution provides more robust data for estimating
health risks and is instrumental in large-scale epidemiological studies.

4. Health impacts of asphalt VOCs

Human and animal studies have provided insights into the health
effects of VOC exposure, particularly concerning asphalt VOCs. These
compounds have been linked to respiratory and ocular irritation, along
with neurological, cardiovascular, and carcinogenic effects, with chil-
dren being especially vulnerable [68]. Benzene, toluene, xylene, and
ethylbenzene are prevalent components found in both asphalt and gas-
oline VOCs. Exposure to the air near gas stations, filled with these typical
air pollutants, has been associated with various health impacts,
including neurological toxicity [68].

Table 2 summarizes the health effects of some harmful VOCs recently
identified from aged asphalt, listed in Table 1. The classification by
specific endpoints in this table is intended to organize the health effects
of these VOCs into clear categories, making it easier to understand the
potential risks associated with each compound.

Chronic exposure to compounds like tetrachloroethylene, styrene,
toluene, formaldehyde, and trichloroethylene can lead to a range of
health effects, including neurological symptoms, respiratory issues, and
organ damage, Table 3. These substances have been associated with
conditions such as dizziness, pulmonary edema, inflammation, and even
the risk of death at higher concentrations.
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Table 2
Health Effects of Volatile Organic Compounds (VOCs) Categorized by Specific End-Points.
voc Respiratory effects Cardiovascular effects Neurological effects Carcinogenic risk Irritant effects
Benzene No Yes Yes Yes Yes
Ethyl benzene Yes No Yes Yes Yes
m, p-Xylene Yes Yes Yes No Yes
o-Xylene Yes Yes Yes No Yes
Naphthalene Yes No Yes Yes No
Styrene Yes No Yes Yes Yes
1,2,4-Trimethyl benzene Yes Yes Yes No Yes
1,3,5-Trimethyl benzene Yes No Data Yes No Yes
humans.
Table 3

Chronic Exposure to Tetrachloroethylene, Styrene, Toluene, Formaldehyde, and
Trichloroethylene.

Compound with Chronic Health Effect

Exposure

! color vision, irritation of eyes, nose and throat
? ‘»S, visual contrast sensitivity, nausea, flushing of face
and neck, vertigo

Lok

ioral effects, di: incoordination,
headache
somnolence, skin erythema, and liver damage

Ref:69

| color discrimination
hearing
vestibular-oculomotor system

performance on behavioral tests

Ref:70
neurological effects such as dizziness
fatigue, muscular weakness
confusion, impaired coordination
enlarged pupils and accommodation disturbances
Ref:71
=0 headache
pulmonary edema; 5 30 ppm
inflammation
pneumonia, 50 100 ppm; death 100 ppm
Ref:72
cl headache
_/)— cl pulmonary edema
cl inflammation
pneumonia, 50 100 ppm; death 100 ppm
Ref:73

During pregnancy, exposure to styrene, ethylbenzene, and o-xylene
led to wheezing; however, after birth, wheezing was not associated with
these pollutants [74]. Alkyl benzenes released during regular construc-
tion activities such as installation of PVC flooring, laminates, and
painting have led to wheezing and increased risk of obstructive bron-
chitis in pregnant women. Among predisposed children, symptoms were
even more serious.

Asthma and allergies have also been associated with exposure to
benzene, 1,2,4-trimethyl benzene, dichlorobenzene, styrene, and alde-
hydes [75]. A national cross-sectional survey of 1013 people in France
[76] found a significant association between concentrations of 1,2,4-tri-
methyl benzene (above 6.6 pgm ) and the prevalence of asthma; there
was also a significant association between concentrations of ethyl-
benzene, trichloroethylene, m/p, and o-xylene and inflammation of the
mucosa inside the nose.

It is worth noting that while Table 3 highlights a specific group of
VOCs, many others can also cause similar adverse health effects. The
VOCs listed in this table were selected due to their documented links to
significant health impacts, especially with chronic exposure. These
substances are prevalent in asphalt emissions and have well-established
connections to serious health outcomes, highlighting the risks of long-
term exposure to asphalt-related emissions.

In the following sections, we categorize some well-known VOCs and
review their general health effects, carcinogenicity, and metabolism in

4.1. Linear alkylbenzenes

Linear alkylbenzenes (LABs) contain a benzene ring with alkyl sub-
stituents attached to one or more positions of the benzene ring. Cumene,
ethylbenzene, toluene, and m-/0-/p-xylenes are some examples of LABs
commonly used in various industrial processes, including the production
of detergents, solvents, and plastics. These compounds are liquid with
low boiling points, which makes them volatile. Because of their vola-
tility, these groups of compounds together form a major component of
the VOCs emitted from petroleum products such as gasoline, diesel, and
asphalt. In contrast to many other petroleum-derived compounds, LABs
are not carcinogenic or mutagenic. They are so safe that they (C10-13-
alkyl derivatives of benzene) are used in many household products such
as detergents [77,78]. According to the EPA classification, LABs are all
in group D carcinogenicity classification, which means that they are not
human carcinogens.

While LABs are generally considered safe when used as intended,
there are some health risks associated with exposure to high concen-
trations or prolonged contact. Some of these health risks were described
earlier for ethylbenzene, 1,2,4-trimethyl benzene, o-xylene, and styrene.
In the following discussion, two commonly known LABs, toluene, and
cumene, and their associated health risks are reviewed.

4.1.1. Toluene

Toluene (methylbenzene) is present in the VOCs of asphalt, but its
amount varies depending on the source and manufacturing process of
the asphalt. Toluene is also present in many petroleum-derived products
such as gasoline, which has 5-10 % toluene. Toluene is a good solvent
and is used in the manufacture of many products such as paints and
adhesives. Because of the widespread use of toluene, toluene vapor is
present in the air of all modern cities. As a result, toluene toxicity (which
is less serious than benzene toxicity) is very common everywhere [79].
Acute health effects of toluene toxicity include lightheadedness,
euphoria, disorientation, loss of balance, confusion, forgetfulness, and
mood swings. Fortunately, these symptoms will stop when the exposure
to toluene is stopped. Long-term exposure to toluene causes chronic
health effects that include toluene-induced encephalopathy. At very
high doses, an exposed person becomes unconscious, may become
comatose, and may die (Table 4). Chronic exposure to toluene produces
tremors, motor incoordination, and cognitive symptoms that may not be
reversible or may take months or years to reverse [80].

Table 4
Toluene Toxicity Symptoms [71].
Exposure Type Symptoms
Acute tol Lightheaded euphoria. disori loss of bal
toxicity confusion, forgetfulness, headache, dizziness, drowsiness

Inappropriate behavior, mood swings

Tremors, motor incoordination, and cognitive deficits
Unconsciousness, seizures, coma, death

Nausea, vomiting, loss of appetite

Hearing loss

Chronic exposures
Higher levels of
exposure
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These health effects result from toluene’s effect on the brain, which
occurs because of toluene’s nonpolar nature which allows toluene to
cross the blood-brain barrier and enter the brain and kill neural cells via
some unknown mechanism. Toluene may also affect neurotransmitters
[81,82].

Exposure to toluene can be determined by measuring the parent
toluene or its metabolite (hippuric acid) in the blood or urine [83]. Also,
the extent of shrinkage of the brain’s gray matter which results due to
toluene toxicity can be determined by imaging the brain [84]. The only
method of treating toluene toxicity is to stop the exposure.

4.1.2. Cumene

Based on the animal metabolism studies and similarity of the meta-
bolic profile of cumene in animals and humans, cumene, in which has an
isopropyl group attached to benzene ring, is thought to be a human
carcinogen. Because of its structural similarity to toluene, cumene is a
nonpolar solvent that has found applications in paints and enamels [85].
Because of its low polarity, like toluene, cumene can cross the
blood-brain barrier to enter the brain and cause CNS toxicity [86].
However, unlike toluene, cumene’s chronic CNS toxicity cannot easily
be reversed, although its acute toxicity can be reversed by stopping the
exposure [87]. Also, cumene’s low polarity allows cumene to enter the
lipid tissues and stimulate the receptors within the lipid layer, causing
skin and eye irritation, pulmonary irritation, and respiratory stimulation
[88]. The main exposure route for cumene is inhalation, which causes
pulmonary irritation. The pulmonary irritation is due to the increased
permeability of the lung capillaries, which is caused by the interaction of
cumene with J-receptors [89]. Cumene is also absorbed through oral
exposure. In rats and rabbits, it is also absorbed through the skin [85].

Cumene is extensively metabolized by cytochrome P450 in the liver,
lung, and other tissues. Cumene is metabolized both on the side chain
and on its ring in humans and animals [90]. The most abundant
metabolite in rats, mice, and humans is the glucuronide of 2-phenyl-2--
propanol [91]. The metabolism of cumene on the ring produces
a-methylstyrene oxide or arene oxides, leading to the formation of a
reactive quinone metabolite [92] that can interact with DNA and cause
DNA damage.

4.2. Polycyclic Aromatic Hydrocarbons (PAH)

Asphaltene, the major component of asphalt, is made of a polycyclic
aromatic hydrocarbon that is attached to 2 long alkyl chains on two of its
rings. High-resolution transmission electron microscopy and fluores-
cence depolarization techniques have provided estimates for the size of
asphaltene stacks, indicating dimensions of approximately 1 nm in both
width and height, typically composed of two to three individual
asphaltene molecules [93-95]. However, more recent studies involving
laboratory centrifugation of live crude oil have revealed that the size of
asphaltenes within crude oil is closer to 2 nm, with aggregation numbers
(in nanoaggregates) ranging from 3 to 8 molecules [96]. Asphaltenes are
complex molecular structures rich in aromatic rings, often containing
heteroatoms such as sulfur, nitrogen, and oxygen, as well as
metal-containing porphyrins. These heteroatoms play a critical role in
the chemical behavior of asphaltenes, including but not limited to their
tendency to self-associate and precipitate under certain conditions as
well as elution and loss of light compounds. The presence of porphyrins,
which are macrocyclic compounds often bound to metals like vanadium
and nickel can significant affect asphaltene behavior [97]. The structure
of asphaltenes, and their interaction with other constituents as well as
their mechanisms of aggregation and precipitation, and the technical
consequences for asphalt as a whole are active research areas. The initial
step in the formation of precipitated asphaltene particles is thought to
involve the self-association of asphaltene sheets, driven by n-n in-
teractions between aromatic rings and the coordination of heteroatoms
and porphyrins [98,99]. The nature of the resulting stacks including the
number of molecules, orientation angles, and interlayer spacing
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between asphaltene monomers has been the focus of extensive research
[96,100,101].

Considering the specific structure of asphaltene, not surprisingly,
VOC pollutants resulting from asphalt also contain polycyclic aromatic
hydrocarbons (PAHs) in addition to aliphatic hydrocarbons (ACHs),
chlorinated solvents, metals (present in recycled asphalt), and PMj s, all
of which cause some form of health effects [102,103].

GC-MS analysis has revealed 12 PAHs in fumes emitted from samples
of fresh asphalt [49]: naphthalene, 2-methylnaphthalene, 1-methyl-
naphthalene, fluorene, phenanthrene, anthracene, fluoranthene, pyr-
ene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, and benzo(a)
pyrene. The detected PAHs contain 2 to 5 aromatic rings, with molecular
mass ranging from 128.17 g/mol to 252.32 g/mol [49].

The VOCs containing PAHs emitted from asphalt production facil-
ities are released into the air, soil, and water around the asphalt pro-
duction plants [104]. The type of soil and the soil’s ability to retain or
absorb the organic matter affects the amounts of pollutants that remain
in the soil and the amounts that pass through to reach the groundwater.

Due to the non-polar nature of many PAHs, they exhibit low solu-
bility in water. However, once the PAHs are metabolized, due to the
addition of hydroxyl groups to their molecules, they become polar
enough to easily dissolve in water and be carried away by water. For this
reason, studying the metabolism of PAHs and the health effects of both
PAHs and their metabolites is essential.

4.2.1. Benz[a]pyrene

One example of PAHs is benz[a]pyrene, which is a known carcin-
ogen. Benz[a]pyrene is used as a standard in measuring the carcinoge-
nicity of other cancer-causing compounds. According to the World
Health Organization [105], to protect people, the limit for “Total Po-
tency Equivalents” to benz[a]pyrene from all routes of exposure
(ingestion, inhalation, and dermal exposure) and all sources is
0.6 mg/kg. To achieve a lifetime cancer risk of 10 -10%, a total benzo
[a]lpyrene equivalent of 5.3 mg/kg Total Potency Equivalents is needed.

Interestingly, when exposure to PAHs is combined with exposure to
sunlight on human skin, the danger of carcinogenicity of PAHs is
increased by 100-fold. This happens because under the influence of
light, a photochemical reaction within the DNA strands prepares the
DNA for reaction with PAH which results in the formation of covalent
adducts and eventual carcinogenesis [106-108].

4.2.2. Dibenzo[def,p]chrysene

Dibenzo[def,p]chrysene (DBC), another PAH which has a larger
molecule than benz[a]pyrene, is classified as a suspect human carcin-
ogen [109]. Due its larger molecular size, a higher temperature and a
stronger vacuum are needed for its separation from asphalt/tar via
distillation. Once absorbed into the body, because of its low polarity,
DBC moves into the fat deposits of the body, where it stays for a long
time exerting its carcinogenic effects [110].

4.2.3. Multifaceted impact of PAH on human health

The impact of PAHs on human health is multifaceted, encompassing
acute and chronic health effects as well as implications for reproductive
and immune systems. Table 5 provides insights into the acute and
chronic health effects of specific PAHs found in asphalt VOCs [104,106,
107,111,112]. Chronic exposure to substances like naphthalene,
anthracene, and benzo(a)pyrene can lead to eye cataracts, kidney/liver
damage, breathing problems, decreased immune function, and even
cancer. Meanwhile, acute exposure may result in skin irritation, sensi-
tization, and other respiratory symptoms.

Table 6 delves into the impact of PAHs on the reproductive system,
outlining effects on male and female fertility, premature birth, and their
effect on the development of offspring during pregnancy [113-116].
Moreover, it points to the molecular mechanisms underlying these ef-
fects, including PAHs’ binding to estrogen and androgen receptors.
Exposure to PAHs during pregnancy can also lead to low birth weight,

« DECENT BITUME » i contact : manifeste.sanshitume@riseup.net

20


mailto:manifeste.sansbitume@riseup.net

MANI FESDECENT BleT UME

M. Mousavi et al.
Table 5
Acute and Chronic Health Effects of Asphalt VOCs.
PAH Chronic health effects Acute health
effects
Eye cataract Skin
Kidney /liver damage irritant
Decreased immune function Skin
Lung malfunctions/ sensitizer
breathing problems
Asthma-like symptoms
Breakdown of red blood cells
if inhaled/ingested
Skin irritant Skin
O Skin sensitizer irritant
Eye cataract Skin
Kidney /liver damage sensitizer
Q Breathing problems/lung
malfunctions
Decreased immune function
Skin irritant Skin
Skin sensitizer irritant
Eye cataract Skin
Kidney /liver damage sensitizer
Breathing problems/
asthma-like symptoms/lung
malfunctions

Decreased immune function
Cancer in the lung, skin,

esophagus, colon, pancreas,
bladder, and women's breast

Table 6
Effect of PAHs on the Reproductive System.

PAH impact on
reproduction

Benzo(a)anthracene

Naphthalene Benzo(a)pyrene

Effect on male and female reproductive systems
Fertility issues, and premature birth
Binding to estrogen and androgen receptors

Male infertility
Ref:113-116
Exposure to PAHs during pregnancy
Low birth weight, premature delivery, and heart malformations
Low IQ, asthma, and psychological issues in the child
Ref:113,117

premature delivery, and other adverse outcomes for children [113,117].
Table 7 sheds light on the detrimental impact of PAH exposure on the
immune system, encompassing inhibition of cell development, altered

Table 7
Effect of PAHs on the Immune System.
Effects References
Inhibition of pre-B, pre-T, and myeloid cell development, Band T~ [113,118,
cell suppression 119]

Apoptosis of lymphoid tissues, and disruption of myelopoiesis

Altered cytokine production by macrophages and monocytes

Tumor development, hypersensitivity (allergy), and [114]
autoimmunity
Alteration of bone h
rheumatoid arthritis and osteoporosis

di such as [120,121]
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cytokine production, and increased susceptibility to tumor develop-
ment, allergies, and autoimmune diseases [113,118,119]. Furthermore,
it highlights the alteration of bone homeostasis and the onset of auto-
immune conditions like rheumatoid arthritis and osteoporosis as po-
tential consequences of PAH exposure [120,121].

4.3. Small hydrocarbons

Small non-aromatic hydrocarbons, which do not contain benzene
rings, are volatile due to their small molecular size. As a result, they
primarily enter the human body through inhalation. In terms of toxicity,
these hydrocarbons primarily cause damage to the liver, kidney, and
brain. Exposure to these hydrocarbons as liquids through the lungs is
more dangerous than ingestion through the stomach. When they enter
the lungs as liquid, because they are very volatile, they quickly evapo-
rate, and their vapor which takes up the entire volume of the lungs,
prevents oxygen from reaching the lung cells and cause suffocation of
the subject (hypoxia). The low polarity of these small hydrocarbons also
allows them to dissolve the fatty components of the lung cells (alveoli)
which renders lung cells unable to remove fluids, causing drowning.
Interestingly, while application of small hydrocarbons (approximately
5-16 carbons) to skin removes fat from the surface of the skin, causing
the skin to dry, application of the larger hydrocarbons (~17 carbons,
such as Vaseline) in the form of moisturizers to the skin, forms a barrier
that prevents water from evaporating from the surface of the skin.
Table 8 presents the health effects of a group of small alkenes.

4.4. Particulate matter generated from VOCs

Particulate Matter (PM) are tiny particles or droplets that are sus-
pended in the air and can vary in size, composition, and origin. Partic-
ulate matter can be generated from the reaction of asphalt VOCs with
other pollutants in the atmosphere [126,127]. Asphalt VOCs can un-
dergo chemical reactions, particularly in the presence of sunlight and
heat, leading to the formation of secondary organic aerosols (SOA),
which contribute to the formation of PM [126,127]. These reactions
include oxidation of VOCs which leads to the formation of intermediates
that undergo further reactions to produce PM.

Particulate matter may have diameters of less than 2.5 ym (PM25) or
even less than 0.1 um (ultrafine particles (UFPs)). They may include
ozone (03), sulfur dioxide (SO2), nitrogen oxides (NOx), and carbon
monoxide (CO). Under the influence of sunlight and heat, nitrogen ox-
ides (NO2) can react with other VOCs at ground level to produce ozone
(VOC NO; sunlight Ozone), which upon entering the lungs causes
pulmonary health effects such as asthma [128,129].

In general, PM generated from VOCs can have significant health
implications, as inhalation of these particles can lead to respiratory and

Table 8
Health effects of alkenes.

Alkene VOCs Health Effects

Ref:122
Anesthesia through inhalation, and moderate eye
irritation with exposure to eyes.

Ref:123
/\/\) An irritant
NN

Ref:124

May induce irritation; poses a risk of aspiration if
ingested (may lead to lung injury)

Ref:125

May be fatal if swallowed and enters the airways,
causing skin irritation, serious eye irritation, and

possibly respiratory irritation
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cardiovascular problems, exacerbate existing conditions such as asthma,
and contribute to overall air pollution-related mortality and morbidity
[130].

In addition to causing asthma, ozone can seriously affect children
who already have asthma [131,132]. Traffic-related particulate matter,
which originates from both asphalt and the combustion of fuels, has
been associated with 20 % of air-pollution-related mortality in Ger-
many, the U.S., and the U.K. [133]. In small children, particulate matter
severely affects the development of the immune system and lung func-
tion. In the elderly, due to slower body metabolism and slower excretion
of particulate matter; the negative health effects of these pollutants lasts
for longer time [134-137]. Extended exposure to PM; 5 ultimately leads
to asthma in all adults [138]. In some cases (though not in all cases),
even the onset of Chronic Obstructive Pulmonary Disease (COPD) has
been associated with air pollutants [139,140]. COPD includes a group of
progressive lung diseases that encompass emphysema and chronic
bronchitis all of which cause obstructed airflow from the lungs and
breathing difficulties. COPD is a significant health condition often
associated with an increased risk of lung cancer.

Among those who are predisposed, arthritis, depression, and anxiety
have also been associated with exposure to PMys, PM;o, and other
pollutants such as nitrogen oxides [141].

5. Carcinogenicity of asphalt VOCs
5.1. Carcinogenic effects of asphalt VOCs; linear alkylbenzenes

Exposure of our lungs to a high concentration of VOC pollutants in
the air for an extended period of time negatively affects our lungs [142,
143]. For those who are genetically predisposed to cancer, according to
the International Agency for Research on Cancer (IARC), extended
exposure to particulate matter, polycyclic aromatic hydrocarbons,
arsenic, nickel, and chromium (group 1 cancer-causing agents) may lead
to cancer [109,143-146]. Even individuals without a genetic predispo-
sition can become susceptible under certain lifestyle conditions. For
instance, cigarette smokers who are not genetically predisposed may
develop lung cancer when exposed to specific environmental pollutants
[147]. Additionally, a link has been discovered between COPD and lung
cancer [142,148-150].

It has also been shown that some of the cancer-causing VOCs that are
produced from asphalt such as PM 5, nitrogen oxides, and SO,, can also
be produced from coal [151,152]. A positive correlation between the
number of PM3 5 particles in the air and an increase in the frequency of
lung cancer has also been found [153]. Diesel engines also produce the
same pollutants that are produced by asphalt and coal. This is why the
risk of cancer among drivers of diesel vehicles is higher than that of the
general population [154,155].

Table 9 presents three compounds found in asphalt VOC emissions,
benzene, ethylbenzene, and styrene, each with distinct carcinogenic
properties [6]. Isopropyl benzene, n-propyl benzene, 1,3,5-trimethyl-
benzene, and 1,2,4-trimethylbenzene are other asphalt VOCs that are
also major components of fuel. People in cities, especially those driving
or riding on the roads, are exposed to these and other compounds in
these VOCs. Interestingly, bikers on the roads (whose bikes do not even
burn fuel) inhale 7-9 times more benzene than drivers of gasoline ve-
hicles or tram riders [156].

This illustrates the diverse range of carcinogenic effects within this
group of compounds, highlighting the complexities of assessing their
health risks and regulatory implications.

5.2. Categorization of carcinogenic PAHs by the International Agency for
Research on Cancer (IARC)

It is important to note that depending on the origin and processing
conditions, different asphalts contain different types and amounts of
PAHs [49]. The total number of PAHs also changes as a function of

Journal of Hazardous Materials 4 8 ®024) 1 36 0 4 8

Table 9
Carcinogenic Effects of Styrene, Ethylbenzene, and Benzene.

Increased risk of leukemia and lymphoma

Humans acutely exposed to styrene by inhalation to 800 ppm
(3.4 mg/L) for 3 hr experience immediate eye and throat
irritation, increased nasal mucous secretion, metallic taste,
drowsiness, and vertigo

Ref:70
Does not create cancer in humans.
Low acute and chronic toxicity for humans, toxic to the central
nervous system
In mice, it did cause a higher incidence of adenoma cancer in the
lung and liver; in humans, the irritant of mucous membranes and
eyes
Ref:157
Liver toxicity
Long-term exposure (high dose) affects the bone marrow and
immune response.
For a high exposure rate, early-stage leukemia was observed.
Ref:158

increasing temperature. The IARC has divided the PAHs into four
groups: group 1, which is carcinogenic to humans, group 2 A, probably
carcinogenic to humans, group 2B, potentially carcinogenic to humans,
and group 3, not classifiable as carcinogenic to humans. Details are
available on the IARC Web site, in reference 32.

Accordingly, naphthalene, benzo(a)anthracene, chrysene, and benzo
(b)fluoranthene are class 2B human carcinogens, while benzo(a)pyrene
is categorized as a class 1 human carcinogen. Table 10 shows examples
of these carcinogenic PAH compounds and their structure [159].

6. The toxic transformation of VOCs: metabolism and health
implications

The parent compounds of many of the organic compounds found in
the VOCs are inherently toxic. In addition, many that are not toxic by
themselves can become toxic after they enter the body and are metab-
olized, primarily by liver enzymes. In general, metabolism involves the
biotransformation of organic compounds into new compounds under

Table 10
Categorization of carcinogenic PAHs by IARC [32].

Cancer-Causing Classification Example
Group 1 Benzo[a]pyrene
as carcinogenic to humans

«
:
(V%
2

(9
9

Group 2 A Dibenz[a,l]
as probably carcinogenic to humans  pyrene

“ip
&
99

Group 2B Benz[a]

as potentially carcinogenic to anthracene

o 9

Group 3 Benzo[e]pyrene

not classifiable as carcinogenic to O

o I
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enzymatic conditions after they enter humans, animals, plants, or
microorganism body. These enzymes can metabolize exogenous com-
pounds similar to those of endogenous compounds (compounds that are
produced within an organism or cell). Once metabolized, the resulting
metabolites are conjugated to glucuronic acid, sulfates, cysteine, or
glutathione to increase their water solubility for easy excretion. Even
soil and water have microorganisms with enzymes that metabolize
organic compounds. During metabolism, organic compounds are broken
into metabolites that are often more polar than the original compounds
so that they can easily be excreted or removed. Some of the metabolites
are reactive species that can bind to important biological molecules such
as DNA or key proteins and cause serious health effects such as cancer.
Metabolites produced by microorganisms in the soil or water may enter
the human body through the consumption of contaminated food or
water or even through the air.

Once VOCs from asphalt or other sources enter the atmosphere, they
may come back down with rain or other forms of precipitation, entering
the water or soil and undergoing further chemical and biochemical
transformations. Careful design of experiments using radiotracers such
as '3C-labeled organic components of asphalt can track and measure the
contribution of fresh asphalt and aged asphalt VOC pollutants to air,
water, and soil pollution. To simulate the process in the lab, a piece of
asphalt can be subjected to all possible environmental factors including
chemical, photochemical, mechanical, and biological degradation in a
sealed chamber, and the released volatiles and degradants can be
collected and analyzed. Contributions from construction and residential
sources of VOCs may also be determined in a similar fashion.

The biochemical and chemical transformation of VOC components in
soil and water produces degradants or metabolites that may be more
toxic or less toxic than the original pollutants. In the process of meta-
bolism, components of VOC may influence each other’s metabolism,
causing some metabolites to be produced faster or slower. Alternatively,
they may force the production of new metabolites. For example, when
benzene, toluene, and xylene are metabolized under environmental
conditions, they can influence each other’s metabolism by inducing or
inhibiting the enzymes that metabolize them, or they may enter a co-
metabolism process [160]. The degradation of benzene and p-xylene
by a Pseudomonas strain, for instance, is enhanced in the presence of
toluene [160]. Additionally, naphthalene mineralization is enhanced

CH3

OH
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after a 14-day pre-exposure to other aromatic compounds [161].

Pseudomonas putida is a Gram-negative bacterium that is commonly
found in soil and water, especially in polluted soils. Pseudomonas putida
strain 39 P converts p-xylene to p-xylene dihydro diol, and Pseudomonas
putida strain F1 converts p-xylene to 3,6-dimethyl pyrocatechol and 2,5-
Dimethylphenol, which were identified by comparing with the authentic
standard (Fig. 2) [162].

6.1. Health effects and metabolism of benzene

EPA has classified benzene as a known human carcinogen. Short-
term inhalation of benzene may cause drowsiness, dizziness, head-
aches, as well as eye and skin irritation. Chronic exposure to benzene
leads to liver toxicity. Some studies have associated myelodysplastic
syndrome with benzene, but this effect of benzene may only be observed
above certain benzene concentrations [163-166]. At low concentra-
tions, exposure to benzene or its metabolites does not increase the risk of
inflammasome-mediated diseases [167]. However, at high concentra-
tions, long-term exposure to benzene affects the bone marrow and leads
to abnormalities in blood such as anemia and leukemia. Interestingly,
the effect of benzene on bone marrow does not involve changes in the
genes. Extensive exposure to benzene for a very long time leads to
chronic toxicity causing anemia, thrombocytopenia, or leukocytosis
[168]. These conditions are accompanied by lower levels of granulocyte
alkaline phosphatase enzyme activity [169].

The metabolism of benzene in humans and animals has been studied.
In humans, the metabolic profiles of benzene in different population
groups are the same, but relative quantities of the individual metabolites
among different population groups are different [167,170]. Fig. 3 shows
the metabolic profile of benzene [171]. In addition to metabolism,
pharmacokinetic (PBPK) models of benzene have been developed for
humans, mice, rats, and several other species [167,172-174].

As shown in Fig. 3, benzene is primarily oxidized by P450 oxidizing
enzymes in the liver to produce epoxide, which then undergoes ring
opening to produce the diol and eventually, the non-aromatic ring-
opened metabolite. In addition to ring-opened products, the epoxide
may also be attacked by GSH or cysteine as a nucleophile, resulting in
the formation of glutathione or cysteine conjugates. To quantify the
benzene metabolites, animals are dosed with 14C-labeled benzene, and

2,5-Dimethyl phenol

CH3

CH3 o
on
R — —
on
cis CH3
"H
p-Xylene p-Xylene dihydrodiol 3,6-Dimethyl pyro-catechol

Fig. 2. Metabolic pathway of para-xylene by Pseudomonas Putida.
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Fig. 3. Metabolic profile of benzene in humans leading to different compounds.

the resulting 14C-metabolites are separated from the urine, purified, and
identified. Metabolites of benzene include trans, trans-muconaldehyde,
and trans, trans-muconic acid; these metabolites are produced after a
benzene ring is oxidized under the influence of the cytochrome P450
2E1 (CYP2E1) enzyme. To monitor exposure to benzene in workers or
the general population, urine is collected from individuals, and the
concentration of trans, trans-muconic acid in the urine is measured in
the lab. The other isomer of this diacid, cis, cis-muconic acid, is a
metabolite of benzene that is produced by some bacteria when exposed
to aromatic compounds. [175].

Benzoquinone, a metabolite of benzene produced in the bone
marrow, interacts with the DNA of stem cells, and the interaction results
in the production of leukemia [176,177].

6.2. Metabolism and carcinogenicity of PAHs

As in benzene which has only one aromatic ring, aromatic hydro-
carbons containing multiple benzene rings in their structure such as
dibenzo[def,p]Chrysene undergo oxidation by P-450 enzymes upon
entering the body, resulting in the formation of the corresponding ep-
oxides. The epoxide rings either open to produce the diols or they react
with GSH, cysteine, or other nucleophilic species to produce conjugates.
Following the diol formation, the remaining double bonds in the aro-
matic rings may also be oxidized by P450 enzymes to produce diol-

epoxides (Fig. 4), which can interact with DNA to produce DNA ad-
ducts. The formation of DNA adducts starts a series of steps that lead to
mutagenesis or carcinogenesis. Such metabolites from all other aromatic
compounds can potentially react with DNA components to produce
dangerous DNA adducts [114]. It is through such pathways that upon
long-term exposure, benzo(a)pyrene, a group 1 carcinogen [178,179],
may produce tumors in the lung, skin, esophagus, colon, pancreas,
bladder, and women’s breast [106,180]. In humans, exposure to benzo
[a]pyrene mixed with other PAHs leads to further DNA damage and
carcinogenic effects.

7. Impacts of asphalt VOCs on human gut microbiomes

The effects of VOCs on human gut microbiomes and their subsequent
impacts on human health are not well understood. An indirect and even
more complex impact could involve impairing various human micro-
biomes, including but not limited to gut microbiomes.

A recent review indicated that air pollutants can alter the composi-
tion and diversity of gut microbiota, correlating with adverse health
effects such as impaired fasting glucose, adverse pregnancy outcomes,
and asthma attacks [181]. Specifically, oral exposure to benzo[a]pyrene
significantly alters the composition and abundance of gut microbiota,
leading to moderate inflammation in the intestinal mucosa [182]. These
changes can establish a pro-inflammatory environment, which could
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Fig. 4. Metabolic pathways of polycyclic aromatic hydrocarbons.

accelerate the development of inflammatory diseases under certain
conditions. Other in vitro studies show that benzo[a]pyrene exposure
alters the functional pathways of gut microbiota, including upregulation
of pathways related to hydrocarbon degradation and DNA repair,
potentially disturbing gut homeostasis [183]. Persistent exposure to
phenanthrene, a common PAH, induces intestinal dysbiosis and disrupts
hepatic lipid metabolism in mice [184]. In addition, PAHs has been
shown to alter human gut microbiota functions, which may lead to
damage of bowel health, including diarrhea [185]. This highlights gut
microbiota’s role in mediating environmental PAHs" health impacts.

Exposure to VOCs, particularly PAHs, can significantly alter the
composition and function of gut microbiota. Human intestinal micro-
biota can bioactivate PAHs into estrogenic metabolites, which are not
originally estrogenic. This bioactivation in the colon suggests that cur-
rent risk assessments may underestimate the risks associated with
ingested PAHs [186]. A study found that VOC exposures among salon
workers were associated with alterations in the nasal microbiome, with
a higher prevalence of Staphylococcus species in salon workers
compared to office workers [187]. Staphylococci are dominant bacteria
on the skin and mucosal surfaces and are known for their resilience
against environmental stressors, including chemical exposure. Interest-
ingly, another study found that changes in the gut microbiome, specif-
ically in the relative abundance of certain taxa, could help counteract
the detrimental effects of PAHs on the neurodevelopment of 3-year-old
children [188].

While direct research on asphalt emissions and the gut microbiome is
lacking, studies on related environmental pollutants suggest that expo-
sure to such chemicals can significantly alter gut microbiota composi-
tion, potentially leading to various health issues, including
inflammation, dysbiosis, and disruption of metabolic processes. Further
research is needed to directly explore the specific effects of asphalt
emissions on the human gut microbiome. Additionally, it is essential to
understand the combined effects of various compounds in asphalt
emissions, alongside the confounding effects of existing human health
issues and other health risk factors.

8. Summary, future directions, and research gaps

This paper provides a comprehensive review of the health impacts of
VOCs released from asphalt. Given the extensive use of asphalt in road
construction, roofing, parking, driveways, playgrounds and other built
environments, exposure to these VOCs affects everyone. VOCs and
particulate matter emitted from asphalt are common to various fossil-

derived fuels such as gasoline and diesel to name a few; these VOCs
and particulate matter together make up the bulk of current air pollut-
ants that cause serious health concerns. A recent report in Science Ad-
vances [42] revealed that emissions from asphalt surfaces persist
throughout their service life and are a major, previously underestimated
source of secondary organic aerosol precursors. A recent study published
in Nature [189] linked air pollution exposure to a greater disparity be-
tween brain age and chronological age, highlighting its potential
neurological impact. Our review discusses the acute, chronic, toxic, and
carcinogenic effects of asphalt VOCs, highlighting the complex meta-
bolic processes that these compounds undergo in the body, soil, and
water. These processes can result in the formation of mutagenic, carci-
nogenic, or non-toxic molecules that are eventually excreted or removed
from the body. While the chemical composition of asphalt, production
and placement methods, and environmental stressors primarily influ-
ence VOC emissions, recent studies indicate that the type of modifiers,
such as polymers or rubber, also significantly impact the emission pro-
file and concentration of VOCs. Additionally, the size of rubber particles
in rubberized asphalt can further affect these emissions [51]. The main
research gaps identified by this review are as follows:

Synergistic Effects of VOCs Combination: Most of the recent at-
tempts are to reduce the VOC concentration to reduce its risk and
toxicity. It should be noted that it is possible that a synergistic combi-
nation of select VOC compounds can become carcinogenic even at low
concentrations. Synergy occurs when the interaction between two or
more factors makes the total effect greater than the sum of the individual
effects. The synergistic effect of a mixture of compounds warrants
further research in the design of future studies [190].

Long-term Health Effects of Specific VOCs: While acute effects are well-
documented, there is a significant gap in understanding the long-term
health impacts of chronic low-level exposure to asphalt VOCs specially
a cohort of compounds with synergistic effects. Longitudinal studies are
needed to explore the cumulative effects over time, particularly
regarding chronic exposures leading to neurological, cardiovascular,
and respiratory disorders.

Technological Innovations in VOC Reduction: Continued development
and optimization of technologies designed to reduce VOC emissions are
essential. This includes both pre-application treatments and post-
application interventions. Research should focus on developing and
testing new materials, such as low-temperature asphalts and bio-based
binders, as well as exploring the effectiveness of additives designed to
neutralize or reduce VOCs.

Innovative Monitoring Systems: Mobile and stationary gas sensing
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